Hepatitis C virus (HCV) infection causes
Hepatitis C virus (HCV) infection causes acute and often chronic liver disease (8, 25) . Worldwide, prevalence of infection is 0.3 to 4.0% (38) . Since its molecular cloning, considerable advances have been made in the fields of diagnostics and molecular virology. However, knowledge of virus-host interactions is still limited because of the restricted species specificity of HCV and the resulting lack of an appropriate animal model. Clinical observations argue against a direct cytopathic effect of the virus and favor a destructive mechanism mediated by the host immune system (6, 14, 42) .
Experimental approaches for understanding virus-host interactions addressed expression analyses of genes or proteins which are known to be involved in related pathological conditions. Proteins whose expression was reported to be elevated in chronic HCV infection are gamma interferon (IFN-␥) (3, 13, 32, 36) , the inducible isoform of nitric oxide synthase (31, 44) , and class I and class II major histocompatibility complex molecules (2, 4) , which are known to be regulated by IFN-␥, as well as the accessory molecules CD80, CD40, and B7 (4, 34) and intercellular adhesion molecule 1 (2) . Highly confirmatory of hepatic cytokine expression, phenotype and specificity analyses of infiltrating cells revealed Th1 lymphocytes as a predominant population. These cells were shown to be mostly antigen nonspecific and of a memory phenotype (3, 23, 33) . Thus, it is assumed that in addition to CD8 ϩ lymphocytes and monocytes, preferentially antigen-nonspecific activated Th1 helper lymphocytes are attracted to the liver. By secreting IFN-␥, the latter cells are thought to activate monocytes/macrophages, thereby initiating a delayed-type hypersensitivity reaction.
Regarding the activation of innate antiviral host responses, for instance, we have no conclusive evidence as to whether HCV is able to stimulate endogenous IFN-␣ production (5, 9, 22) . This study aimed to obtain a more general view of the processes which might be involved in virus-host interrelationships, e.g., to identify genes of enhanced expression in the liver of HCV-infected patients by the generation of a subtracted library. Since HCV is assumed to infect only a minority of liver cells, at least transcripts which may be directly induced by the virus are expected to be of low abundance. We thus chose the method of suppression-subtractive hybridization (SSH) described by Diatchenko and colleagues (11) to compare gene expression in liver tissues from HCV-infected and non-HCVinfected patients. SSH was designed to generate a cDNA library which is enriched in differently expressed sequences and, more importantly, equalized for the number of individual cDNA species, thus allowing the detection of rare transcripts (19) .
MATERIALS AND METHODS
Liver tissue. Liver tissue that served as tester material for SSH was obtained directly after explantation from a 63-year-old female patient infected with HCV genotype 1b. Histologic evaluation revealed marked fibrosis, moderate infiltration, lymphoid aggregates, and steatosis with no signs of malignancy. The diag-nosis indicated a moderate portal chronic-aggressive hepatitis C with transition to cirrhosis and mild to moderate active lobular hepatitis. For driver material, RNA preparations from three non-HCV-infected liver explants were pooled. Criteria for the selection of driver material were comparability in qualitative and quantitative histologic changes as far as possible, various etiologies of liver disease, and absence of hepatic viral infections. The liver disease of an 18-yearold male patient was diagnosed as cryptogenic cirrhosis with low activity. Histologic evaluation revealed moderate infiltration, marked fibrosis, and lymphoid aggregates without bile duct lesions or steatosis. Explanted liver tissue from a 53-year-old female patient showed marked fibrosis, moderate infiltration, lymphoid aggregates, bile duct lesions, marked intrahepatic cholestasis, and mild steatosis. The diagnosis indicated active primary biliary cirrhosis stage II, locally stage III, with marked intrahepatic cholestasis. A 48-year-old male patient suffered from nonactive alcoholic cirrhosis. Histologically, the tissue showed mild infiltration, locally lymphoid aggregates, and a low degree of siderosis of epithelial and Kupffer cells without steatosis.
Liver biopsy procedures from a total of 65 consecutive outpatients with chronic HCV infection (n ϭ 38) (18 females and 20 males; mean age, 44.6 years; range, 18 to 67 years), chronic hepatitis B virus (HBV) infection (n ϭ 12) (5 females and 7 males; mean age, 35 years; range, 17 to 54 years), or nonviral liver diseases (n ϭ 15) (7 females and 8 males; mean age, 48 years; range, 27 to 63 years) were performed as part of a routine clinical evaluation. HCV infection was diagnosed by the presence of anti-HCV antibodies and HCV-specific RNA within the serum. Liver injury was proven histopathologically and categorized according to established criteria as described elsewhere (10, 30) . Chronic HBV infection was diagnosed by the presence in sera of HBV surface and core antigen antibodies of the immunoglobulin G isotype. The diagnosis was confirmed histologically. Sera from all patients were found to be positive for HBV-specific DNA. Serum alanine transaminase activities ranged between 7 and 39 U/Iliter, with one exception of 167 U/liter. Histologic degree of inflammation was scored as absent to mild (n ϭ 3), mild (n ϭ 6), or moderate (n ϭ 3). Histopathological findings for patients with no obvious hepatic viral infection comprised fibrosis (n ϭ 2), primary biliary cirrhosis (n ϭ 1), steatosis (n ϭ 4), crytogenic hypodense liver foci (n ϭ 1), hydropic swelling of hepatocytes (n ϭ 1), cryptogenic cirrhosis (n ϭ 2), primary sclerosing cholangitis (n ϭ 1), Stauffer's syndrome (n ϭ 1), and the absence of any pathological condition (n ϭ 2). Patients with concomitant non-B or non-C viral infections and those with continued alcohol or drug abuse were excluded.
The study was approved by the local ethical committee of Georg August University, Göttingen, Germany.
Purification of poly(A) ؉ mRNA from liver tissue. Total cellular RNA from liver tissue was isolated as described previously (32) . Poly(A) ϩ mRNA was purified from the same source, using Oligotex spin columns (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Generation of a subtracted cDNA library (11, 19) . SSH was performed between the above-described tester and driver liver tissue RNA preparations using a PCR Select cDNA subtraction kit (Clontech, Heidelberg, Germany) essentially according to the manufacturer's manual. In brief, 2-g aliquots each of poly(A) ϩ mRNA from the tester and the pooled driver were subjected to cDNA synthesis. Tester and driver cDNAs were digested with RsaI. The tester cDNA was subdivided into two portions, and each was ligated with a different cDNA adapter. In a first hybridization reaction, an excess of driver was added to each sample of tester. The samples were heat denaturated and allowed to anneal. Because of the second-order kinetics of hybridization, the concentration of high-and low-abundance sequences is equalized among the single-stranded tester molecules. At the same time single-stranded tester molecules are significantly enriched for differentially expressed sequences. During a second hybridization, the two primary hybridization samples are mixed together without denaturation. Only the remaining equalized and subtracted single-stranded tester cDNAs can reassociate forming double-stranded tester molecules with different ends. After filling in the ends with DNA polymerase, the entire population of molecules is subjected to nested PCR with two adapter-specific primer pairs.
Cloning the subtracted library into a TA vector. Products of these amplified A overhangs containing a subtracted cDNA library (3 l) were immediately ligated into a pT-Adv plasmid (advanTAge PCR cloning kit; Clontech). Subsequently, the material was desalted by ethanol precipitation. One-tenth of the purified plasmid was introduced into electrocompetent Escherichia coli DH5␣ (Clontech) by electroporation (1.8 kV, 150 ⍀) (Electroporator II; Invitrogen). Bacteria were taken up in 600 l of SOC medium (41a) and allowed to incubate for 60 min at 37°C and 225 rpm. Bacteria were plated onto agar plates containing ampicillin (50 g/ml), 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal; 20 g/cm 2 ), and isopropyl-␤-D-thiogalactoside (IPTG; 12.1 g/cm 2 ) and incubated overnight at 37°C. Individual recombinant white colonies were picked and grown in LuriaBertani medium containing ampicillin on 96-well microtiter plates. Differential screening. cDNA clones were subjected to a differential screening procedure (PCR-Select differential screening kit; Clontech) to identify those which hybridize to the subtracted library with preference. Briefly, cDNA inserts of the cloned cDNA library were amplified by subjecting an aliquot of the bacterial culture directly to PCR. The presence of one distinct PCR product was confirmed by agarose gel electrophoresis. The amplified material was then dot blotted onto nitrocellulose membranes. Four identical membranes with cDNA arrays in duplicate were prepared. Membranes were hybridized with a tester probe, a driver probe, a subtracted probe, and a reverse-subtracted probe as a control. Subtracted probes had previously been released from adapter sequences by restriction digestion. Probes were labeled with digoxigenin-11-UTP in a 3Ј tailing reaction (DIG oligonucleotide tailing kit; Boehringer Mannheim, Mannheim, Germany). Hybridization and detection via a chemiluminescence reaction were carried out employing a DIG luminescent detection kit (Boehringer Mannheim), according to the supplier's standard protocol.
Bacterial clones harboring differentially hybridizing cDNA sequences were grown, and plasmids were purified using a Qiagen plasmid mini kit. Inserts were sequenced by the chain termination reaction using an automated sequencer (SEQLAB, Göttingen, Germany). Nucleic acid homology searches were performed using the BLAST program at the National Center of Biotechnology Information (National Institutes of Health, Bethesda, Md.).
Confirmation of differential screening results. Differences in transcript expression within the original tester and driver RNA preparations were confirmed by a quantitative competitive reverse transcription-PCR (RT-PCR) technique (see below). In cases in which clones scored perfect or near-perfect matches with known human genes, primers were designed on the basis of the database entry unless indicated otherwise ( Table 1) .
Analysis of transcript expression by quantitative competitive RT-PCR.
The expression of transcripts of interest and of housekeeping genes was quantified by a competitive RT-PCR technique using internal cDNA standards as described in detail previously (32) . In brief, internal standards were constructed to be recognized by and to compete for oligonucleotide primers complementary to the target sequences. Target cDNA was amplified in the presence of 10-and 2-fold serial dilutions of the internal standard. The amount of target transcripts was then calculated on the basis of the known molecular quantity of the internal standard and related to the amount of housekeeping mRNA, which had been quantified in parallel analogously. Primer sequences, annealing temperatures, numbers of cycles, and sizes of the target and internal standard amplification products are given in Table 1 . Specificity of amplification products was confirmed either by Southern hybridization using specific, digoxigenin-labeled probes or by restriction enzyme digestion analysis.
Statistical analyses. Gaussian distributed data were analyzed by parametric t tests for independent samples. Correlation coefficients were calculated by linear regression analysis.
RESULTS
Identification of activated genes in HCV-infected liver tissue. Using SSH, we generated a subtracted library using HCVinfected liver tissue sample as tester (minuend) and three pooled non-HCV-infected, histologically comparable liver tissue specimens as driver (subtrahend). In parallel, a reversesubtracted library was prepared as a control using HCV-infected tissue as driver and non-HCV-infected tissue as tester. The subtracted library was cloned, and a total of 864 clones were obtained. The subsequent screening procedure (differential screening) revealed 55 clones hybridizing to the subtracted library but not to the reverse-subtracted control library. These 55 clones were sequenced, and 39 were found to correspond nearly entirely to database entries. Several of the clones represented fragments of same genes, thus decreasing the number of individual activated genes to 13 ( Table 2) . Increased expression within the original tester material was checked by quantitative competitive RT-PCR, a technique which had been established using primer pairs designed on the basis of the database entries (Table 1) . Relative to the reference tran-scripts glyceraldehyde-3-phosphate dehydrogenase (G3PDH, ␤-actin, and albumin, and compared to the original driver RNA preparation, transcripts of four genes were found to be elevated severalfold in the tester material (Table 2 ): (i) the chemokine IP-10 gene, originally described as an IFN-␥-inducible early-response gene (26, 48) ; (ii) the IFN-␣-regulated antiviral MxA gene (1, 40) ; (iii) the gene encoding the IFN-␣/␤-inducible 44-kDa microtubular polypeptide (p44) formerly shown to be associated with cytoplasmic ultrastructural entities in hepatocytes of chimpanzees inoculated with sera from patients suffering from non-A, non-B hepatitis (21, 24, 27, 46) ; and (iv) the gene encoding the IFN-␣/␤/␥-inducible 56-kDa protein (IFI-56K) recently described to interact with the eukaryotic translation initiation factor eIF-3 (7, 50). The differential screening hybridization showed that all clones represents low-abundance transcripts in the HCV-infected liver, since they were detectable with the labeled subtracted probe but not with the labeled tester probe (data not shown).
Analysis of representative patient groups regarding hepatic activation of interferon-regulated genes. To confirm enhanced expression of the four interferon-regulated genes in chronic HCV infection in general, we compared a representative number of liver biopsy specimens from HCV-infected patients to a number of liver biopsy specimens derived from patients with liver diseases unrelated to any known viral infection (Fig. 1) . Transcriptional expression of IP-10, IFI-56K, p44, and MxA was found to be significantly (4-to 50-fold) elevated in chronic HCV infection compared to nonviral liver diseases (Fig. 1) .
As an additional control, liver biopsy specimens from patients with chronic HBV infection were included (Fig. 1) . Although not reaching statistical significance, hepatic IP-10 expression was found to be on average sixfold higher than in the control group (Fig. 1A) . In contrast, liver samples derived from patients with chronic HBV infection and from the control group showed comparable activation regarding the IFN-␣/␤-regulated genes (Fig. 1B to D 
DISCUSSION
The application of SSH to liver tissue from patients with chronic HCV infection as tester and non-HCV-infected patients as driver, the subsequent screening procedure, and the confirmatory controls revealed four genes which are expressed within the HCV-infected tissue to a higher degree than the noninfected control: (i) the CXC or alpha chemokine IP-10 gene (26, 48) , (ii) the antiviral MxA gene (1, 40) , (iii) a gene encoding a 44-kDa protein reported to be associated with ultrastructural changes in hepatocytes of chimpanzees infected with non-A, non-B hepatitis sera (21, 24, 27, 46) , and (iv) a gene encoding 56-kDa interferon-inducible protein which was recently shown to interact with eIF-3 (7, 50) . All of these genes are inducible by IFN-␥ (IP-10), IFN-␣/␤ (MxA and p44), or both (IFI-56K). Enhanced expression of these genes in chronic HCV infection was proven by analyzing a number of liver biopsy specimens from patients with chronic HCV infection, FIG. 1. Transcriptional expression of IP-10, MxA, p44, and IFI-56K in liver tissue from patients with chronic HCV or HBV infection and from patients with no known hepatic viral infection. RNA preparations from individuals with chronic HCV or HBV infection and from patients with liver disorders unrelated to any known virus infection were analyzed for IP-10 (A), MxA (B), p44 (C), and IFI-56K (D) transcript expression by competitive RT-PCR. Data were related to the amount of albumin-specific mRNA as a reference transcript. Expression of the four interferonregulated genes was found to be higher in chronically HCV-infected patients than in both chronically HBV-infected patients and the control group (P values are indicated, t test for independent samples). Data on gene expression found within the original tester and driver material are included as open symbols. Comparable results were obtained when data were related to ␤-actin as a reference transcript.
chronic HBV infection, and nonviral liver diseases (Fig. 1) . Expression of IFN-␣-inducible genes was found to be mutually correlated, whereas the expression of IP-10 was found to be related better, although weakly, to that of IFN-␥. The results support earlier findings on the role of IFN-␥ as a mediator of the hepatic inflammatory process in chronic HCV infection (31, 32, 44) . The findings might have implications for therapeutic considerations, since at least three IFN-␣-regulated genes are activated at the transcriptional level in HCV-infected liver tissue.
In chronic HCV infection, the hepatic inflammatory infiltrate is composed mainly by antigen-nonspecific, IFN-␥-producing Th1 lymphocytes. IFN-␥ is thought to activate monocytes/macrophages, thereby initiating an injurious delayed-type hypersensitivity reaction. This view is based (i) on observations of a positive correlation of peripheral as well as intrahepatic IFN-␥ transcript expression and the inflammatory activity (32, 36) , (ii) on the observation of a positive correlation between the number of CD4 ϩ lymphocytes in the liver and inflammatory activity but not to the number of macrophages or CD8 ϩ lymphocytes (23), (iii) on the finding that most of the T-cell clones isolated from liver tissue from chronically HCV-infected patients are able to produce IFN-␥ after mitogenic stimulation in vitro (3), and (iv) on phenotype and specificity analyses of infiltrating cells (3, 23, 36) .
The enhanced expression of the chemokine IP-10 may help to explain the cellular composition of the hepatic infiltrate. In addition to monocytes and NK cells, IP-10 recruits preferentially stimulated CD4 ϩ memory T cells (48, 49) . Nonstimulated, naive T cells, CD8 ϩ lymphocytes, or neutrophils, on the other hand, are not attracted by 49) . Data on the expression pattern of the recently cloned IP-10 receptor CXCR3 further confirmed a higher expression on Th1 and Th0 lymphocytes than on the Th2 subpopulation (41) .
The results on IP-10 gene activation in chronic HCV infection are highly confirmatory of recent data obtained by Shields et al. (45) and earlier data published by Narumi et al. (37) . Narumi and colleagues described higher serum concentrations of the IP-10 protein in patients with chronic HCV infection than in patients with rheumatoid arthritis or healthy volunteers; by applying in situ hybridization, the authors demonstrated IP-10 transcripts in hepatocytes surrounding infiltrated mononuclear cells (37) . Shields and colleagues reported enhanced levels of the IP-10 receptor CXCR3 on infiltrating lymphocytes; on the other hand and in apparent contrast to data of Narumi et al., by immunohistochemistry they demonstrated the IP-10 protein on sinusoidal endothelial cells (45) . Although the cellular source of IP-10 remains open, enhanced expression of IP-10 has now been demonstrated by three independent various experimental approaches.
IP-10 may represent the link between HCV-infected liver cells and recruitment of Th1 lymphocytes and monocytes. Since IP-10 is regulated by the product of the cells it attracts, namely, IFN-␥, and since conversely IP-10 has been described to be able to activate and enhance Th1 cytokine production in vitro (15) , IP-10 might contribute to the maintenance of the Th1-dominated immune response in chronic HCV infection.
IFI-56K is one of the first interferon-inducible genes cloned (7) . By a two-hybrid screen, it recently was described to interact with the cytoplasmic P48/Int6 subunit of eIF-3 (18) . Binding to eIF-3 was shown to cause inhibition of translation (18) .
MxA and p44 are induced preferentially by IFN-␣/␤. MxA belongs to the dynamin superfamily of large guanosine triphosphatases. It is active against pathogenic RNA viruses, such as members of the orthomyxovirus family, possibly by interfering with the viral polymerase protein (20) . There is no evidence as to whether MxA interacts with HCV proteins during virus replication. However, MxA, like IFI-56K, is used as a surrogate marker for endogenous IFN-␣ induction and exogenous IFN-␣ application (22, 28) .
In 1985, p44 was shown to be a component of the doublewalled membranous tubules which appeared as a distinctive alteration in the cytoplasm of hepatocytes after intravenous administration of human non A, non B hepatitis inocula in chimpanzees (39, 46, 47) . Neither the ultrastructural changes nor the expression of p44 was evident in chimpanzees experimentally infected with HBV.
The findings related to enhanced expression of IFN-␣-regulated genes in chronic HCV infection indicate that HCV may be an IFN-␣ inducer. Moreover, comparison with material from chronically HBV-infected individuals suggests HCV to be stronger than HBV in that instance. However, direct measurements of IFN-␣-and IFN-␤-specific transcripts revealed no significant increase in either HBV-or HCV-infected individuals compared to the control group (unpublished data), possibly because the genes are activated by alternative pathways. At least for IFI-56K, MxA, and IP-10, there is substantial evidence on induction pathways by double-stranded RNA or viral infection that bypass interferons (16, 17, 29, 51) . These findings might have implications for therapeutic considerations. If HCV is infact an inducer of IFN-␣/␤-inducible genes with antiviral effects, then its ability to persist would be due to resistance at least toward these cellular antiviral responses.
Regarding the experimental approach, it might be argued that many additional genes are expected to be differentially expressed in HCV-infected tissue and that the selected technique might be inadequate to identify them. We would agree, if the driver material chosen was simply an HCV-uninfected healthy control. In that case, mediators of inflammation, mediators of fibrosis, and enzymes of lipid metabolism, for instance, would have been expected. However, driver material was chosen extremely carefully (as outlined in Materials and Methods), aimed to exclude all transcripts which are generally involved in pathological processes. The result that no inflammatory mediator other than IP-10 was detected indicates that non-HCV-related mediators have been subtracted successfully.
